Abstract Physicians are testing minimally invasive ablation techniques to determine if they will be acceptable substitutes for surgical removal of primary breast tumors. In radiofrequency ablation (RFA), frictional heating of the tissue is caused by the rapid movement of ions attempting to follow a high frequency alternating current moving between two electrodes. Localization of a small electrode in the tumor is accomplished under ultrasound guidance, and a larger electrode pad is placed on the outside of the body. Five pilot studies have demonstrated that RFA can effectively ablate tumors up to 3 cm in size. In addition to treating small primary tumors, RFA may also be useful for consolidation therapy after lumpectomy, for treatment of inoperable tumors in endstage patients, for treatment of locally advanced disease as a substitute for neoadjuvant chemotherapy, and for treatment of breast cancer metastases, such as bone, liver, and kidney. Clinical trials are needed to assess treatment outcomes and to monitor the long-term fate of ablated tissue.
Introduction
As recently as 30 years ago, the treatment standard for almost all cases of breast cancer was mastectomy combined with axillary lymph node dissection. Since then, however, a number of developments have resulted in a trend towards less invasive surgery. The widespread use of screening mammography has meant that, on average, breast tumors are now much smaller when first discovered, with a lower probability of nodal involvement. Large-scale clinical trials have shown that breast conservation therapy, involving lumpectomy and radiation therapy, results in survival rates equivalent to those seen with mastectomy. The demonstration that survival is not related to the extent of surgery reflects the fact that breast cancer is a systemic disease, usually requiring systemic therapy.
Following this trend, clinicians are now considering the possibility of even less invasive approaches for local treatment of the primary tumor. Ablation techniques which either heat or cool tumor cells sufficiently to kill them are being tested to determine if they will be acceptable substitutes for surgical removal of the tumor. For breast cancer, one of the most promising of these techniques is radiofrequency ablation (RFA).
RFA technology
RFA is produced from high-frequency alternating current moving between a small electrode placed in the tumor and a larger electrode pad placed on the skin surface, usually on the hip or thigh. Frictional heating of the tissue around the small electrode is caused by the rapid movement of ions in the tissue attempting to follow the alternating current. The size of the tumor that can be ablated is a function of the size and shape of the electrode. Most practitioners use a device in Page 2 of 4
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which secondary electrodes can be deployed from the tip in a star-like array, yielding an ablation zone of 3-5 cm in diameter.
The use of imaging
RFA uses imaging technology to localize the tumor, to determine if it is the appropriate size and in an appropriate location for RFA, to guide the placement of the probe, and (ideally) to monitor the course of RFA treatment. In most studies to date, ultrasonography (US) has been used to support RFA, but it has limitations. It is optimally effective only in small, regularly shaped tumors with clear borders, and it is not useful for visualizing the ablation process in real time. A recent study by Burak et al. [1] has found that MRI can be used with some success to monitor the course of treatment. In addition, MRI may be more accurate than US in visualizing the extent of disease and in detecting multicentric or multifocal tumors. However, MRI suffers from low specificity in discriminating between benign and malignant tumors, and is less useful for detecting ductal carcinoma in situ (DCIS) or lobular cancers.
How successful has RFA been in the treatment of primary breast tumors?
Five pilot studies have looked at the effectiveness of RFA in treating primary breast tumors (Table 1 ) [1] [2] [3] [4] [5] . Based on findings from the initial study by Jeffrey et al. in 1999 [2] , subsequent studies restricted the use of RFA to patients with small tumors (0.7-3.0 cm in diameter). In all of these studies, the tumor site was surgically removed after RFA and the tissue examined histologically for evidence of residual tumor.
In general, RFA ablation of the area targeted by US was successful in at least 90% of patients with small primary tumors, with minimal side effects. However, histologic examination revealed that, in some instances, US had underestimated the size of the tumor, with the result that residual tumor cells remained at the tumor site.
Limitations in the use of RFA
The success of RFA depends on patient selection and accurate imaging. Tumors should be small, with borders clearly visible on US. RFA is currently contraindicated in women with evidence of multifocal or multicentric tumors, or in women with biopsy-proven evidence of extensive DCIS or lobular cancer. In order to allow full deployment of the electrode tips and to avoid skin burns, the tumor should be located at least 1 cm from the chest wall and from the surface of the breast. Several studies have demonstrated that prior treatment with neoadjuvant chemotherapy reduces the accuracy of US assessment of tumor size [6, 7] . Thus patients who have received presurgical chemotherapy are not good candidates for RFA.
The future of RFA

New directions in tumor imaging
As successful RFA is so heavily dependent on accurate imaging, new developments in imaging technology will be important. An example of this is positron emission tomography (PET), which produces images based on metabolic and physiologic functions occurring in living cells. A positron-emitting radionuclide is attached to a molecule (typically glucose or fluorodeoxyglucose (FDG)) that is taken up and metabolized at a high rate in tumor cells. A downside to using PET as a stand-alone technology is that there are almost no anatomic landmarks seen on PET scans. This is the opposite to that seen with CT scans, which offer high resolution anatomic imaging with appropriate contrast agents, but provide poor contrast between neoplastic and normal tissue. The development of integrated PET/CT scans combines the advantages of both technologies, and offers improved sensitivity and specificity compared to PET alone [8] .
Fluorescence spectroscopy may be able to provide real-time assessment of lesions before treatment and of tumor margins after treatment. This technique is based on the observation that endogenous fluorophores (e.g. aromatic amino acids, structural proteins such as collagen and elastin) emit light that differs in concentration in benign vs. malignant tissue. The light can be detected using a fiberoptic probe that is delivered to the tumor site with a transdermal needle placed under US guidance. Breslin et al. [9] used fluorescence spectroscopy to examine breast tissue specimens from 32 patients with invasive breast cancer, and were able to distinguish benign from malignant tissue with a specificity of 92% and a sensitivity of 70%.
Combining RFA with other local treatments
Studies to date have examined the usefulness of RFA for the treatment of small breast tumors, with the idea that this noninvasive treatment may be developed into a stand-alone outpatient procedure. However, RFA may be most useful when performed in combination with other local treatment.
In breast conservation therapy, radiation therapy is used in combination with lumpectomy to reduce the probability of local recurrence. It seems likely that this would also be true for RFA, especially since there is no opportunity to examine tumor margins after ablative therapy, and the possibility of residual tumor cells cannot be ruled out histologically. In a recent study, Horkan et al. [10] used a rat model of breast cancer to determine if radiation treatment used in combination with RFA would improve local control compared with RFA alone. They found that RFA in combination with radiation (total dose of 20 Gy) resulted in complete local control in 92% of animals, compared with 9% of animals treated with RFA alone.
RFA might also be used as consolidation therapy after lumpectomy. In this case, occult residual tumor cells remaining in the surgical cavity would be treated with RFA, potentially making standard radiation therapy unnecessary.
Non-curative uses of RFA
RFA may also be valuable for the treatment of more advanced cancer. Fujimoto et al. [11] proposed that RFA might be used in place of neoadjuvant chemotherapy in treating patients with locally advanced breast cancer, avoiding the often severe side effects associated with that therapy. Vansonnenberg et al. [12] used RFA for the palliative treatment of a fungating and protuberant lesion occurring in the reconstructed breast of women with recurrent breast cancer. The RFA treatment resolved the spontaneous bleeding and oozing from the tumor, significantly reduced the size of the exophytic portion, and resulted in relief of discomfort in the patient.
RFA has been used successfully for the treatment of benign osteomas, and early studies indicate that it might also be effective for the treatment of breast cancer metastases to the bone [13, 14] . Standard treatments for bone metastases include chemotherapy and radiation therapy, but some patients are unresponsive to these therapies. Even when successful, it may take as long as a month for patients to achieve any relief of pain. RFA may also be effective in the treatment of breast cancer metastases to other organs, including the liver.
Conclusions
The use of RFA is still at a developmental stage, with researchers exploring ways in which this technology will be most valuable (Table 2 ). Many questions still need to be answered: How will survival outcomes in early-stage patients treated with RFA with or without radiation therapy compare with those in patients treated with standard breast conservation therapy? What is the long-term fate of the ablated area after RFA? Will the necrosis and scarring be resorbed over time, or will it remain, interfering with future imaging studies? Could RFA prolong survival and/or increase quality of life in patients with metastatic disease who might otherwise be poor candidates for surgery? Clinical trials will be needed to provide answers to these questions, and determine if local ablative therapies like RFA will really be the next step forward in the management of breast cancer.
